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23 Abstract
24 This study investigated the effects of short-duration microwave (MW) 
25 exposure on growth, photosynthesis, antioxidant activity, and secondary 
26 metabolite accumulation in Agastache rugosa cultivated in a deep flow 
27 technique hydroponic system. Plants at 14 and 18 days after transplanting 
28 were exposed to MW radiation at 200 W for 5, 10, 15, 20, and 25 seconds, 
29 with untreated plants serving as the control. While most vegetative growth 
30 parameters were unaffected, MW exposure for 15–25 s significantly 
31 increased flower branch number by 9–15% and flower biomass by 9–24% 
32 compared with the control. These treatments also enhanced net 
33 photosynthetic rate (by up to 53%), chlorophyll a content (by 12%), and 
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34 total phenolics (by 43–85%) compared with the control. Antioxidant 
35 enzyme activities were markedly elevated, with SOD, POD, and CAT 
36 increasing by up to 66%, 49%, and 103%, respectively. MW exposure also 
37 promoted phytochemical accumulation: total flavonoids increased by 7–
38 11%, and key bioactive compounds such as chlorogenic acid (up to 7.3-
39 fold), tilianin (up to 53%), and rosmarinic acid (up to 42%) were 
40 significantly enhanced. These results indicate that short MW exposures of 
41 15–25 s act as an effective elicitation strategy to improve flower 
42 development and phytopharmaceutical quality of A. rugosa under 
43 controlled cultivation conditions. 
44 Keywords: acacetin; Agastache rugosa; antioxidant enzyme activity; 
45 chlorogenic acid; microwave elicitation; rosmarinic acid; tilianin
46

47 Introduction
48 Agastache rugosa is a perennial herb renowned for its diverse 
49 medicinal properties, including anti-inflammatory, antitumor, anti-
50 atherogenic, antibacterial, antipyretic, anti-melanogenesis, antifungal, 
51 carminative, and antiviral [1]. It is widely used as both a culinary seasoning 
52 and a traditional medicinal herb in several Asian countries, including 
53 Korea, Vietnam, China, and Japan [2, 3]. A. rugosa possesses antioxidant 
54 [4], anticancer [5], anti-inflammatory [6], cardiovascular [7], and 
55 antimicrobial properties [8]. Tilianin, acacetin, and rosmarinic acid (RA), 
56 the primary bioactive compounds in A. rugosa, play a crucial role in its 
57 immunomodulatory effects while also exhibiting diverse pharmacological 
58 properties, including anti-inflammatory, antitumorigenic, antioxidative, 
59 neuroprotective, antidiabetic, cardioprotective, and anticancer effects [9-
60 13]. Increasing concerns regarding the health-promoting qualities of food 
61 and the long-term viability of current farming systems emphasize the 
62 urgency of implementing sustainable strategies that enhance both the 
63 nutritional content and ecological value of A. rugosa.
64 Environmental stressors, such as heat stress, significantly influence 
65 plant growth and metabolism, often enhancing biosynthesis of secondary 
66 metabolites as a stress response [14]. Recent studies suggest that 
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67 controlled abiotic stressors, including MW radiation, can stimulate plant 
68 metabolic pathways and improve crop productivity and quality [15-17]. 
69 Plants are highly sensitive to external stimuli, with responses involving 
70 alterations in membrane potential, calcium ion fluxes, and reactive oxygen 
71 species (ROS)-mediated signaling cascades, that regulate downstream 
72 gene expression related to growth, stress tolerance, and secondary 
73 metabolite production [18-20]. Exploiting these responses through 
74 artificially induced electromagnetic radiation (ER), such as MW treatment, 
75 provides a novel strategy to enhance plant quality and bioactivity [21]. MW 
76 radiation, a form of electromagnetic fields (EF), has been reported to 
77 induce physiological and biochemical changes in plants [22, 23]. For 
78 example, MW exposure (4–5 h at 9.3 GHz) enhanced tomato seed 
79 germination, seedling vigor, and accumulation of such as polyphenols, 
80 flavonoids, chlorophyll, carotenoids, and proteins, while excessive 
81 exposure reduced growth and biochemical content [24]. Similarly, long-
82 term exposure of duckweed to low-frequency ER (50 Hz) altered growth 
83 traits and induced point mutations in antioxidant genes (APx, GPx, Cat), 
84 particularly in intron regions, suggesting that chronic low-dose ER can 
85 influence plant growth and genetic stability [25]. EF synergized with SiO₂ 
86 nanoparticles to improve growth, antioxidant defense, and bioactive 
87 metabolite production in Anthemis gilanica plants [26]. ER exposure led to 
88 reductions in germination percentage, shoot length, root length, and leaf 
89 area in lettuce, while fresh and dry weight increased. Notably, flavonoid 
90 concentration showed a progressive rise with longer exposure durations 
91 [27]. Collectively, these findings demonstrate that MW radiation, when 
92 carefully controlled, can enhance plant productivity and nutritional value. 
93 However, despite growing evidence that magnetic fields can induce 
94 structural and physiological changes in plants, data on MW radiation 
95 effects, particularly regarding non-destructive changes and stress 
96 physiology, remain limited given that plants transmit electrical signals 
97 through interconnected pathways [18, 28]. Manipulating their electrical 
98 potential with external stimuli may alter signaling accuracy and 
99 physiological responses [29]. Therefore, investigating how different MW 
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100 exposure durations affect growth and secondary metabolite production is 
101 essential to optimize this technique as a sustainable cultivation strategy. 
102 To date, no study has examined these effects in A. rugosa.
103 This study investigated the impact of MW treatments on the growth and 
104 bioactive compound accumulation in A. rugosa. Specifically, the objectives 
105 are to (i) determine the optimal MW irradiation time to maximize flower 
106 development and (ii) evaluate its effects on the production of key 
107 secondary metabolites, such as RA, tilianin, and acacetin, as well as 
108 antioxidant and physiological stress responses. By examining the effects 
109 of controlled MW exposure, this research aims to provide valuable insights 
110 into the development of eco-friendly agricultural practices that enhance 
111 the quality and productivity of medicinal plants like A. rugosa.
112

113 Results
114 Plant growth parameters  
115 Fig. 2 and Table 1 indicates that there were no significant differences 
116 in leaf length, leaf width, leaf number, leaf area (LA), stem length, stem 
117 fresh weight (FW), shoot and root FW, and root length among the MW 
118 treatment durations and the control (p > 0.05). However, the 15-, 20-, and 
119 25-s MW treatments led to a statistically significant increase in the number 
120 of flower branches, by 9–15% compared with the control (p = 0.002), and 
121 flower FW, which rose by 19–24% (p < 0.001). By contrast, leaf FW was 
122 significantly reduced by 18–24% under 20- and 25-s MW treatments 
123 relative to the control (p < 0.001, Fig. 2 and Table 1). As shown in Fig. 2 
124 and Table 2, flower dry weight (DW) was significantly enhanced under the 
125 5-, 15-, 20-, and 25-s MW treatments (increased of 9–29%; p < 0.001), 
126 whereas leaf DW exhibited a significant decrease by 23–27% in the 20- and 
127 25-s treatments, compared to the control (p < 0.001). Stem DW, root DW, 
128 shoot DW, specific LA, whole plant DW, and LA ratio showed no significant 
129 variation across the different MW treatment durations compared to the 
130 control (p > 0.05). Significant decreases by 26–33% in leaf weight ratio (p 
131 < 0.001) and increases in flower weight ratio (increases of 18–22%; p = 
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132 0.003) were observed under the 20- and 25-s MW treatments compared to 
133 the control (Fig. 2 and Table 2). 
134  
135 Chlorophyll and total carotenoid levels
136 The 25-s MW treatment showed the highest Chl a concentration (4.15 
137 mg·g⁻¹), which was 12% higher than the control (3.69 mg·g⁻¹) (p = 0.034). 
138 By contrast, no significant difference in Chl b was observed among the MW 
139 duration treatments and the control (Fig. 3A and 3B). The total Chl (a+b) 
140 content was also maximized in the 25-s MW treatment, reaching 13% 
141 above the control (p = 0.024) (Fig. 3C). A significant increase in total 
142 carotenoid content was observed in the 10-s MW-treated plants (0.66 
143 mg·g⁻¹), which represented about 29% enhancement compared with the 
144 control (0.52 mg·g⁻¹) (p = 0.022) (Fig. 3D).
145

146 Photosynthetic parameters
147 The net photosynthetic rate (A) was significantly enhanced in the 15-, 
148 20-, and 25-s MW treatments compared with the control (4.05 μmol 
149 CO₂·m⁻²·s⁻¹), reaching 5.31, 5.22, and 6.20 μmol CO₂·m⁻²·s⁻¹, 
150 respectively—representing increases of 31%, 29%, and 53% over the 
151 control (p < 0.001) (Fig. 4A). Similarly, stomatal conductance (gs) 
152 exhibited a pronounced increase under the 25-s MW treatment (0.33 mol 
153 H₂O·m⁻²·s⁻¹), which was 283% higher than the control (0.09 mol 
154 H₂O·m⁻²·s⁻¹) (p = 0.005) (Fig. 4B). In contrast, intercellular CO₂ 
155 concentration (Ci) and transpiration rate (E) did not differ significantly 
156 among treatments (p > 0.05) (Fig. 4C and 4D), although a slight, non-
157 significant upward trend was observed in the 25-s MW group. 
158 Total flavonoid contents, total phenolic contents, and antioxidant activities
159 DPPH radical scavenging activity significantly increased in the 10-, 15-, 
160 20-, and 25-s MW treatments, by 27%, 59%, 36%, and 30%, respectively, 
161 compared with the control (p < 0.001) (Fig. 5A). Exposure to MW for 15-, 
162 20-, and 25-s significantly increased total flavonoid content by 7%, 10%, 
163 and 11%, respectively, compared with the control (p < 0.001) (Fig. 5B). 
164 Compared with the control, chlorogenic acid content markedly increased 
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165 under all MW treatments, showing up to a 7.3-fold rise at 10 s (p < 0.001). 
166 Caffeic acid levels also significantly increased in all treatments except at 
167 15 s, reaching the highest value at 5 s (42% higher than the control, p < 
168 0.001). Rutin content was significantly enhanced under the 10-, 15-, and 
169 25-s treatments, with the 15-s treatment showing a 102% increase 
170 compared with the control (p < 0.001). In contrast, quercetin content 
171 decreased significantly under all MW treatments, whereas kaempferol 
172 content increased by 45% and 31% under the 15- and 25-s treatments, 
173 respectively (p < 0.001) (Table 7). Therefore, compared with the control 
174 (190.27 mg·g⁻¹), all MW treatments significantly increased total phenolic 
175 content, reaching 271.21, 338.37, 323.98, 309.69, and 352.77 mg·g⁻¹ DW 
176 at 5-, 10-, 15-, 20-, and 25-s, respectively—corresponding to 43%, 78%, 
177 70%, 63%, and 85% increases (p < 0.001) (Fig. 5C). SOD activity increased 
178 with treatment duration, reaching its maximum under the 25-s treatment, 
179 which was 66% higher than the control (p < 0.001) (Fig. 5D). Compared 
180 to the control group, POD activity increased by 48.9%, 39.7%, 45.0%, and 
181 36.0% following 10-, 15-, 20-, and 25-second MW treatments, respectively, 
182 indicating a substantial enhancement in enzymatic activity under these 
183 conditions (p < 0.001), whereas CAT activity was significantly enhanced 
184 by the 15-, 20-, and 25-second MW treatments, showing increases of 66.7%, 
185 66.7%, and 103.3%, respectively, compared with the control (p = 0.011) 
186 (Fig. 5E and 5F).
187 Concentrations and contents of acacetin, tilianin, and RA
188 Among the various organs of A. rugosa, RA was predominantly found in 
189 the roots, whereas tilianin and acacetin were most abundant in the flowers, 
190 indicating significant organ-specific variation in compound accumulation. 
191 Significant increases in RA concentrations were observed in the flowers 
192 and stems after 15- and 25-s MW treatments, showing approximately 29% 
193 and 28% increases in flowers (p < 0.001) and 36% and 62% increases in 
194 stems (p < 0.001), respectively, compared to the control (Table 3). The 20-
195 second treatment produced the highest RA concentration in leaves, 
196 representing a 24% increase relative to the control (p < 0.001), while RA 
197 accumulation in roots increased by 10% and 17% under the 20- and 25-s 
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198 treatments, respectively (p < 0.001). Tilianin concentrations increased by 
199 18% and 26% in flowers following the 5- and 15-s treatments (p = 0.010), 
200 and by 31% and 32% in stems after the 10- and 20-s treatments, 
201 respectively (p = 0.009). Tilianin levels in leaves remained statistically 
202 unchanged across all treatments (p > 0.05). In contrast, roots exhibited 
203 substantial increases in tilianin concentration—approximately 21%, 25%, 
204 and 24% higher than the control after the 10-, 20-, and 25-s treatments (p 
205 < 0.001). MW exposure resulted in a slight reduction in acacetin 
206 concentrations in flowers (by approximately 10–40% under the 15- and 20-
207 s treatments; p < 0.001) and a more pronounced decrease in stems (10– 
208 45% under the 5-, 10-, 15-, and 25-s treatments; p < 0.001) and leaves 
209 (6.7–14.5% under all treatments except 5-s; p < 0.001) compared to the 
210 control, while acacetin remained completely absent in the roots of A. 
211 rugosa (Table 3).  
212 RA content reached its highest level in flowers under the 25-second 
213 treatment, showing an increase of approximately 33% compared to the 
214 control (p < 0.001), while the 20-second treatment resulted in the highest 
215 RA accumulation in roots (26% higher than the control) (p < 0.001) (Table 
216 4). Stems and leaves also showed significant increases in RA content after 
217 the 15-, 20-, and 25-second treatments, corresponding to increases of 87%, 
218 84%, and 122% in stems and 33%, 74%, 18% in leaves relative to untreated 
219 plants (p < 0.001). Tilianin content in flowers peaked under the 15-second 
220 treatment, showing an enhancement of about 56% compared to the control 
221 (p < 0.001). Stems and leaves exhibited significant increases under the 10-, 
222 15-, 20-, and 25-second treatments, with rises of 73%, 64%, 97%, and 58% 
223 and 32%, 38%, 46%, and 39%, respectively (p < 0.001). Tilianin levels in 
224 roots were also significantly elevated, showing 24%, 68%, and 39%% 
225 increases under the 15-, 20-, and 25-second treatments relative to the 
226 control group (p < 0.001). Acacetin content in flowers reached its 
227 maximum under the 5-second treatment, increasing by approximately 21% 
228 compared to the control (p < 0.001). Stems showed notable increases of 
229 19%, 15%, and 22% under the 10-, 15-, and 20-second treatments (p < 
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230 0.001), while leaves exhibited 18–21% higher acacetin content across all 
231 MW treatments (p = 0.003) (Table 4).  
232 Whole plants exposed to a 20-s MW treatment exhibited significantly 
233 elevated levels of RA, with concentration and content increasing by 14% 
234 and 42%, respectively, compared with the control (p < 0.001) (Fig. 6A and 
235 6D). All MW treatments markedly enhanced tilianin content by 24–53% (p 
236 < 0.001), whereas tilianin concentration increased significantly at 5-, 10-, 
237 15-, and 25-s treatments by 16%, 14%, 20%, and 15% (p = 0.005), 
238 respectively, relative to untreated plants (Fig. 6B and 6E). In contrast, 
239 acacetin concentration gradually declined with increasing MW exposure, 
240 showing decreases of 12%, 31%, and 23% at 15-, 20-, and 25-s treatments 
241 (p < 0.001), respectively, compared to the control. However, its content 
242 increased by 13% and 16% at 10 and 15-s treatments, respectively, 
243 reaching the highest value at 15 s due to the influence of plant DW (p = 
244 0.001) (Fig. 6C and 6F). 
245 Concentrations and contents of acacetins 1, 2, and 3
246 Acacetin 1 concentrations in flowers and stems did not differ 
247 significantly between MW treatments and the control (p > 0.05) (Table 5). 
248 While acacetin 1 concentrations in leaves were significantly reduced from 
249 21% to 38% under all MW treatments relative to the control (p < 0.001), 
250 The highest root concentration was observed under the 10-s treatment, 
251 showing a 75% increase compared with the control (p < 0.001). Acacetin 
252 2 concentrations in flowers remained unaffected by MW treatments (p > 
253 0.05); however, stems exhibited a significant increase 54%, 44%, 51%, and 
254 68% under 10-, 15-, 20-, and 25-s exposures compared to the control group 
255 (p < 0.001). The 5-s MW treatment resulted in the lowest acacetin 2 
256 concentration in leaves, showing an 18% decrease (p < 0.001), while 
257 simultaneously inducing the highest concentration in roots, with a 97% 
258 increase compared with the control (p < 0.001). MW treatments did not 
259 alter acacetin 3 concentrations in flowers and stems (p > 0.05), but 
260 significantly reduced its levels in leaves by 40% (p < 0.001) and, under the 
261 25-s treatment, in roots by 26% (p < 0.001)  (Table 5). 
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262 Although MW treatments did not significantly affect acacetin 1 content 
263 in flowers (p > 0.05), the 10- and 20-s exposures led to elevated levels in 
264 stems compared to the control group (p < 0.001) (Table 6). Leaf acacetin 
265 1 content generally decreased under the 5-, 15-, and 25-s MW treatments 
266 by 23%, 8%, and 18% (p < 0.001), respectively, while no significant 
267 changes were observed at 10- and 20-s. In contrast, root acacetin 1 levels 
268 were significantly increased by 38% to 99% across all treatments 
269 compared with the control (p < 0.001). Acacetin 2 content increased 
270 significantly in flowers by 29% and 28% under the 20- and 25-s MW 
271 treatments, respectively, and in stems under the 10-, 15-, 20-, and 25-s 
272 treatments, showing 2.04-, 1.98-, 2.25-, and 2.31-fold increases compared 
273 with the control (p < 0.001). Acacetin 2 contents in leaves and roots, and 
274 acacetin 3 content in flowers, reached their highest levels under the 20-s 
275 treatment, increasing by 53% in leaves, 37% in roots, and 25% in flowers 
276 compared with the control (p < 0.001). The acacetin 3 content in stems 
277 was significantly higher under the 10, 15, 20, and 25 s treatments, showing 
278 increases of 57%, 41%, 67%, and 43% (p < 0.001), respectively, compared 
279 with the control. MW treatments reduced acacetin 3 content in leaves by 
280 29%, 8%, and 21% under the 5 s, 15 s, and 25 s treatments, respectively, 
281 except at 10 s and 20 s (p < 0.001). In contrast, a significant increase in 
282 root acacetin 3 content was observed at 15 s and 20 s, with increases of 
283 41% and 53% compared to the control (p < 0.001) (Table 6).
284 MW treatments caused a significant reduction in whole-plant acacetin 
285 1 concentrations, except under the 10-s treatment. Acacetin 1 decreased 
286 by 17%, 16%, 15%, and 24% at 5-, 15-, 20-, and 25-s, respectively (p < 
287 0.001) (Fig. 7A). In contrast, acacetin 2 levels showed no significant 
288 variation among treatments and the control (p > 0.05) (Fig. 7B). Notably, 
289 acacetin 3 decreased by 19% only under the 15-s treatment compared with 
290 the control (p = 0.001) (Fig. 7C). The contents of acacetin 1 and acacetin 
291 3 in the whole plant reached their highest levels under the 20 s treatment, 
292 showing increases of 19% and 27%, respectively, compared with the 
293 control (p = 0.001) (Fig. 7D and 7F). The acacetin 2 content in the whole 
294 plant gradually increased by 24%, 30%, 42%, and 38% with increasing MW 
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295 exposure durations of 10 s, 15 s, 20 s, and 25 s, respectively (p < 0.001) 
296 (Fig. 7E). 
297

298 Discussion
299 General vegetative parameters showed no significant differences 
300 among treatments, indicating that MW exposure did not negatively affect 
301 overall vegetative growth. Conversely, leaf FW and DW were significantly 
302 reduced under the 20- and 25-s treatments, potentially due to tissue 
303 dehydration or a shift in resource allocation toward flower production. 
304 Higher MW exposure may cause localized heating or cellular damage in 
305 leaves, leading to reduced water content (lower FW) and possibly 
306 degradation of cellular structures (lower DW). Stress signaling might lead 
307 to reallocation of resources away from vegetative organs (like leaves) 
308 towards reproductive structures (flowers) [30]. This shift was further 
309 supported by a significant decrease in the leaf weight ratio and a 
310 corresponding increase in the flower weight ratio in these treatments. MW 
311 treatment for 20 and 25 s significantly decreased the leaf weight ratio 
312 while increasing the flower weight ratio. This indicates that prolonged MW 
313 stress alters biomass allocation, favoring reproductive structures over 
314 vegetative growth [31]. Such a shift supports the concept of stress-
315 adaptive reproductive prioritization, where plants allocate more resources 
316 to flowering as a survival strategy under adverse conditions [32]. Despite 
317 these changes, parameters such as stem DW, root DW, specific LA, whole 
318 plant DW, and LA ratio remained unaffected, implying that MW treatments 
319 selectively enhanced reproductive traits without impairing total plant 
320 biomass or structural development. 
321 The increase in Chl a and total Chl content observed in the 25-s MW 
322 treatment group may be attributed to mild heat stress, which likely 
323 activated Chl biosynthesis pathways [33, 34]. This is consistent with earlier 
324 studies, in which tomato plants maintained at 31 °C were found to have 
325 19.58% more chlorophyll and a darker green appearance than those grown 
326 at 26 °C [34]. Sweetpotato overexpressing IbOr sustains higher PSII 
327 efficiency and chlorophyll content under heat stress [35]. Short-duration 
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328 MW exposure at 14 and 18 days after transplanting, followed by a 20-day 
329 recovery period, likely acted as a mild stress that transiently increased 
330 membrane permeability and activated stress-related signaling pathways. 
331 These physiological responses may have promoted the uptake of key 
332 nutrients such as magnesium and nitrogen and stimulated chlorophyll 
333 biosynthetic enzymes, ultimately resulting in higher chlorophyll content 
334 observed at harvest [36, 37]. This mild stress likely promotes the activity 
335 of Chl biosynthetic enzymes without causing thermal damage. In contrast, 
336 Chl b levels remained unchanged across treatments, which may be due to 
337 its stability and its role as an accessory pigment that is less responsive to 
338 environmental changes compared to Chl a [38, 39]. Interestingly, the 
339 highest carotenoid content was recorded in the 10-s MW treatment, 
340 suggesting that shorter exposure may induce a protective response by 
341 increasing antioxidant compounds like carotenoids, which help mitigate 
342 oxidative stress [40]. These findings suggest that specific durations of MW 
343 treatment can selectively enhance pigment production, with longer 
344 exposure favoring chl accumulation and shorter exposure stimulating 
345 carotenoid biosynthesis.
346 The significant increase in photosynthetic rate (A) observed in the 15-, 
347 20-, and 25-second MW treatment groups is likely due to mild heat stress 
348 induced by short-duration MW exposure at 200 W. This sub-lethal thermal 
349 stimulus may have activated photosynthetic enzymes, such as Rubisco, and 
350 enhanced chloroplast metabolism, thereby improving carbon fixation 
351 efficiency. Mild heat stress can also transiently stimulate electron 
352 transport and accelerate enzymatic reactions, increasing the rate of CO₂ 
353 assimilation into sugars without causing thermal damage [41, 42]. The 
354 increase in gs, particularly in the 25-s treatment, suggests greater 
355 stomatal opening, facilitating enhanced CO₂ influx and supporting the 
356 elevated photosynthetic rate. This response may be mediated by low levels 
357 of reactive oxygen species (ROS) and altered hormonal signals, such as 
358 abscisic acid and cytokinins, which modulate guard cell ion transport and 
359 turgor to regulate stomatal aperture [43]. The unchanged intercellular CO₂ 
360 concentration (Ci) under MW exposure indicates that the additional CO₂ 
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361 entering the leaf via increased stomatal conductance was efficiently fixed 
362 in the Calvin cycle, reflecting enhanced carbon assimilation and 
363 photosynthetic efficiency [44]. Similarly, the stable transpiration rate (E) 
364 suggests that water loss was effectively regulated, likely through improved 
365 water-use efficiency and precise stomatal control mediated by ROS and 
366 hormonal signals [45]. Together, these responses demonstrate that MW-
367 treated plants can optimize carbon fixation while maintaining water 
368 balance under mild heat stress, highlighting a coordinated adjustment 
369 between gas exchange and photosynthetic metabolism [46]. 
370 The observed increase in DPPH radical scavenging activity under all 
371 MW durations (10–25 s) suggests that MW exposure induces oxidative 
372 stress, which activates the plant's defense mechanisms and stimulates the 
373 production of antioxidant compounds [47]. Phenolic acids such as 
374 chlorogenic and caffeic acid were significantly elevated, likely due to 
375 enhanced activity of the phenylpropanoid pathway. Rutin content 
376 increased under certain treatments, while quercetin content consistently 
377 decreased, possibly due to its conversion into glycosylated forms or 
378 thermal degradation. Kaempferol content was elevated at 15- and 25-s 
379 exposures, indicating selective activation of flavonoid biosynthesis [47]. 
380 Moreover, total flavonoid and phenolic contents were significantly 
381 enhanced, particularly under longer exposures (15–25 s), reflecting the 
382 plant's adaptive response to moderate stress. Previous studies have 
383 similarly shown that MW treatment (40 s) elevates phenolics, flavonoids, 
384 and antioxidant potential in white and red sorghum, with diminishing 
385 effects under extended exposure [47]. Antioxidant enzyme activities, 
386 including SOD, POD, and CAT, were also significantly increased, indicating 
387 an active detoxification response to elevated ROS generated by MW stress.  
388 Consistent with earlier findings, MW treatment at 300 W for 75 s 
389 significantly enhanced the activities of SOD, CAT, POD, and APX enzymes 
390 in Tartary buckwheat sprouts, surpassing those in both the control and 
391 ungerminated seeds. This condition also maximized antioxidant capacity, 
392 as evidenced by increased reducing power and enhanced scavenging of 
393 DPPH, ABTS, O₂⁻, and •OH radicals, indicating a notable improvement in 
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394 antioxidant potential [48]. Elevation of phenolic acids such as chlorogenic 
395 and caffeic acid likely reflects enhanced flux through the phenylpropanoid 
396 pathway, initiated by upregulation of phenylalanine ammonia-lyase (PAL) 
397 and subsequent enzymes such as cinnamate-4-hydroxylase (C4H) and 4-
398 coumarate-CoA ligase (4CL). ROS generated by MW act as signaling 
399 molecules that trigger transcriptional and post-translational activation of 
400 these enzymes, shifting carbon flow from primary metabolism toward 
401 hydroxycinnamic acids and flavonoid biosynthesis [49, 50]. Comparable 
402 responses have been reported in other species: MW or short heat 
403 exposures increased PAL activity and total phenolics in Tartary buckwheat 
404 [51]. and MW treatments also elevated phenolics, flavonoids, and 
405 antioxidant capacity in Leptadenia pyrotechnica [52]. These results 
406 suggest that short-term MW exposure can be an effective elicitor to 
407 enhance the antioxidant capacity and phytochemical content in plants [48]. 
408 MW exposure induced distinct organ-specific and compound-specific 
409 changes in secondary metabolite accumulation in A. rugosa. RA levels 
410 increased significantly across all organs, particularly in flowers (25 s), 
411 roots (20 s), and whole plants (20 s), likely due to the activation of the 
412 phenylpropanoid pathway triggered by mild abiotic stress. This stress, 
413 associated with moderate ROS production and heat, may enhance the 
414 activity of key enzymes such as PAL, C4H, and 4CL [53]. Tilianin, a 
415 glycosylated flavonoid, also increased in nearly all organs under MW 
416 exposure, especially in flowers (5 and 15 s), stems and leaves (10–25 s), 
417 and roots (15–25 s), suggesting that oxidative stress upregulates flavonoid 
418 biosynthetic enzymes like CHS, CHI, and FNS, while glycosylation may 
419 stabilize the compound [47]. In contrast, acacetin concentrations 
420 decreased in stems and leaves and were absent in roots, although its 
421 content peaked at 15 s due to DW effects, indicating its thermolability and 
422 possible conversion into glycosylated derivatives [54]. The decline in free 
423 acacetin may reflect its thermolability and/or rapid in vivo glycosylation to 
424 acacetin-glycosides by UDP-glycosyltransferases (UGTs), as acacetin 
425 commonly occurs in plants as glycosides and flavones are known to be 
426 sensitive to heat and oxidative conditions [55, 56] 
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427 MW exposure induced distinct changes in secondary metabolite 
428 accumulation in A. rugosa, depending on compound type and exposure 
429 duration. RA levels significantly increased, particularly at 20 s, likely due 
430 to the activation of the phenylpropanoid pathway under mild oxidative and 
431 thermal stress. This stress may have upregulated key enzymes such as PAL, 
432 C4H, and 4CL, enhancing RA biosynthesis [57]. Tilianin content increased 
433 in all MW treatments, while its concentration rose significantly at 5, 10, 
434 15, and 25 s. As a glycosylated flavonoid, tilianin synthesis is promoted 
435 under moderate ROS levels, and glycosylation may stabilize the molecule 
436 against degradation [47]. In contrast, acacetin concentration decreased 
437 with longer MW exposure, but its content peaked at 15 s, likely due to 
438 increased DW, despite its thermolability and possible conversion to tilianin. 
439 Acacetin 1 and 3 also showed reduced concentrations but increased 
440 contents at 20 s, suggesting organ-specific redistribution and 
441 accumulation under stress. Meanwhile, acacetin 2 concentration remained 
442 unchanged, but its content gradually increased with longer MW exposure, 
443 indicating slow but steady biosynthesis and greater thermal stability [57]. 
444 These findings suggest that MW-induced stress can stimulate secondary 
445 metabolite biosynthesis, especially for more stable or glycosylated 
446 compounds, while thermolabile aglycones like acacetin may be partially 
447 degraded or transformed under prolonged exposure.
448

449 Conclusions
450 This study demonstrates that short-duration MW exposure, particularly 
451 for 15 to 25 s, can effectively enhance floral development and stimulate 
452 the accumulation of valuable bioactive compounds in A. rugosa, without 
453 adversely affecting overall plant growth. These treatments improved 
454 photosynthetic efficiency and antioxidant activity, and increased the levels 
455 of key phytochemicals such as chlorogenic acid, kaempferol, tilianin, and 
456 RA. The findings suggest that MW treatment is a promising abiotic 
457 elicitation strategy for improving the phytopharmaceutical quality of 
458 medicinal plants in controlled hydroponic systems. Further research is 
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459 needed to explore underlying molecular mechanisms and to optimize MW 
460 application for commercial-scale production.
461

462 Methods 
463 Conditions for seedling development 
464 A. rugosa seeds from Danong Co. Ltd. (Seoul, Korea) were surface-
465 sterilized with 70% ethanol for 1 min, followed by 1% sodium hypochlorite 
466 (NaOCl) for 10 min, and then rinsed three times with sterile distilled water 
467 to remove residual disinfectant. The sterilized seeds were air-dried under 
468 aseptic conditions before sowing in a 40 × 60 cm Rockwool-filled tray. The 
469 seedlings were grown at 22.9/18°C with 70 ± 9% humidity, receiving 220 
470 ± 10 μmol·m⁻²·s⁻¹ PPFD under a 16 h/8 h light/dark cycle, and supplied 
471 with Hoagland solution (EC 1.17 dS·m⁻¹, pH 6.3) beginning 14 days after 
472 sowing (DAS).  The use of Agastache rugosa plants for the research 
473 conducted in this work complies with relevant institutional, national, and 
474 international guidelines and legislation. 
475 Treatments
476 Following transplantation into a DFT system (Fig. 1) at 28 DAS, plants 
477 were exposed to different durations of MW radiation using an MW oven 
478 (Model MW25B, 1000W, 2450 MHz) at two time points: 14 and 18 days 
479 after transplanting (DAT). These time points were chosen because, at 14 
480 and 18 DAT, A. rugosa plants had reached an appropriate vegetative size 
481 and were physiologically stable with well-developed leaves and roots, 
482 ensuring they could tolerate short-term heating at 200 W. MW treatments 
483 were applied directly to the whole plants. Before exposure, the plants were 
484 briefly soaked in water for 2 min to maintain tissue hydration and prevent 
485 overheating. They were then exposed to MW radiation for 5, 10, 15, 20, or 
486 25 seconds, depending on the treatment, and immediately returned to the 
487 hydroponic setup for recovery. A control group received no MW treatment. 
488 The MW experiment, arranged in a completely randomized design with 
489 two replicates, involved collecting plant samples 39 DAT for analysis. Six 
490 plants (n = 6) were used to measure growth parameters, whereas three 
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491 plants per replicate (n = 3) were analyzed for photosynthesis, pigments, 
492 DPPH activity, total flavonoids, antioxidants, and bioactive compounds
493 Plant growth parameters 
494 Measurements included root, leaf, and stem lengths; leaf width and 
495 number, leaf area (LA); flower branch count; and the fresh and dry weights 
496 (DW) of leaves, shoots, stems, roots, and flowers. Biomass allocation was 
497 assessed using flower-to-DW and leaf-to-DW ratios, calculated by dividing 
498 flower DW, LA, or leaf DW by the total plant DW. These ratios indicate 
499 resource allocation to reproductive versus photosynthetic structures, 
500 which can reflect growth strategies, reproductive potential, and overall 
501 plant performance. Specific leaf area (SLA; total LA per unit leaf DW) was 
502 calculated to evaluate leaf thickness and light-capturing efficiency, traits 
503 linked to photosynthetic performance and stress adaptation [58, 59]. Each 
504 replicate included six plants (n = 6) for growth parameter evaluation. 
505 Photosynthetic characteristics
506 Photosynthetic responses were measured on 3 plants per replicate with 
507 a LI-COR 6400 portable system (LI-COR Inc., Nebraska, USA), focusing on 
508 the third fully developed leaf from the shoot tip [60], and included net 
509 photosynthetic rate, stomatal conductance, CO₂ concentration, and 
510 transpiration rate. Measurements were automatically recorded in 
511 triplicate per treatment after setting the leaf chamber to 400 μmol mol⁻¹ 
512 CO₂, 300 μmol m⁻² s⁻¹ PPFD, 25 °C, and 500 cm³ s⁻¹ airflow.
513 Photosynthetic pigments and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical 
514 scavenging activity
515 Samples (aerial parts) from each treatment group were immediately 
516 frozen in liquid nitrogen after harvest, stored at -70 °C in a deep freezer, 
517 and then transferred to a -50 °C dry freezer (TFD5503, IL Shinbiobase Co. 
518 Ltd., Daejeon, Korea) for four days for freeze-drying, and later ground, 
519 sieved, and analyzed for pigments and antioxidant activity via an Epoch 
520 microplate spectrophotometer (EMS) (EPOCH-SN, Agilent Technologies, 
521 USA). To analyze pigments and DPPH activity, 20 mg of dry powder (DP) 
522 was mixed with 2 mL of 90% methanol and centrifuged at 1308 × g for 20 
523 minutes [61]. Absorbance was measured at 665.2, 652.4, and 470 nm to 
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524 quantify Chl a, Chl b, and carotenoids, respectively, and at 517 nm for 
525 DPPH activity, as described by Lam et al. (2024) and Rahman et al. (2015) 
526 [62, 63].  
527

528 Individual Phenolic Compounds 
529 Phenolic constituents in A. rugosa were quantified using a 1260 Infinity 
530 Series High-performance liquid chromatography (HPLC) system (1260 
531 Infinity; Agilent Technologies Inc.) [64, 65]. An extract was prepared from 
532 100 mg of DP using 2 mL of 80% MeOH, followed by 1 hour of sonication 
533 with intermittent vortexing. The extract was centrifuged (12,000 × g, 10 
534 min), filtered (0.45 µm), and analyzed by HPLC on a Symmetry C18 column 
535 with 0.15% acetic acid in water (solvent A) and methanol (solvent B). The 
536 HPLC gradient program (98 minutes) efficiently separated five phenolic 
537 compounds—chlorogenic acid, caffeic acid, rutin, quercetin, and 
538 kaempferol—using a mobile phase B progression of: 5% (0–1 min), 15% (1–
539 9 min), 20% (9–24 min), 30% (24–54 min), 45% (54–66 min), 56% (66–76 
540 min), 60% (76–80 min), 80% (80–91 min), and 5% (91–98 min). HPLC was 
541 conducted using a C18 column maintained at 30 °C, with a mobile phase 
542 flow rate of 1.0 mL·min⁻¹ and UV detection of phenolic acids at 280 nm. 
543 External standards for each phenolic compound were used to construct 
544 calibration curves. Standard solutions of chlorogenic acid, caffeic acid, 
545 rutin, quercetin, and kaempferol (Sigma-Aldrich, USA) were prepared in 
546 methanol at five concentration levels ranging from 100 to 500 µg·mL⁻¹. 
547 Calibration curves were generated by plotting peak area versus 
548 concentration, and all showed excellent linearity with R² values ≥ 0.9999. 
549 Retention times for major phenolic standards were as follows: chlorogenic 
550 acid (20.13 min), caffeic acid (27.59 min), rutin (61.75 min), quercetin 
551 (75.13 min), and kaempferol (82.08 min). Quantification of individual 
552 phenolic compounds in the samples was based on their corresponding 
553 calibration equations. Each sample was analyzed in triplicate with an 
554 injection volume of 20 µL.
555 Total flavonoid content and antioxidant activity
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556 To determine the total flavonoid content, the method of Lam et al. 
557 (2024) [62] was employed using AlCl₃. A mixture was prepared containing 
558 100 μL sample, 300 μL ethanol, 20 μL AlCl₃, 20 μL potassium acetate, and 
559 600 μL distilled water. To quantify total flavonoids, samples were 
560 incubated for 40 minutes at 22 °C and their absorbance was read at 415 
561 nm using an EMS. Quercetin served as the standard, and values were 
562 calculated in mg QE/g DW based on three replicates. 
563 To determine the enzymatic activities of SOD (EC 1.15.1.1), CAT (EC 
564 1.11.1.6), and POD (EC 1.11.1.7), a modified NBT assay was performed 
565 according to Lam et al. (2024) [62]. DP samples (20 mg) were homogenized 
566 in 2 mL of 50 mM phosphate buffer (pH 7.0), pre-treated with liquid 
567 nitrogen, and sonicated three times for 10 minutes each. Afterward, the 
568 homogenate was centrifuged at 1308 × g for 20 minutes at 4 °C. The 
569 supernatant was filtered through a 0.45 μm membrane and used for 
570 enzyme activity measurements.
571 SOD activity. SOD activity was measured by mixing 20 μL of sample with 
572 methionine, EDTA, NBT, PBS (pH 7.0), and riboflavin, followed by LED 
573 illumination (200 μmol m⁻² s⁻¹, 8 min) and absorbance reading at 560 nm. 
574 SOD activity (U mg⁻¹ DW) was defined as the amount of enzyme required 
575 to inhibit NBT photoreduction by 50%. SOD activity was quantified in U 
576 mg−1 DW and determined using the following formula:

577 SOD (Unit mg-1 DW) = ((control - sample) × 100% × 200 μL)
(control × 50% × 20 μL × 0.2 mg)

578

579 POD activity. POD activity was measured at 25 °C using PBS (pH 6.1), 
580 H₂O₂, and guaiacol, with the reaction started by adding 20 μL of sample. 
581 Absorbance at 470 nm was monitored, and activity was expressed as U 
582 mg⁻¹ DW min⁻¹. 

583

POD (U mg-1 DW min-1)

= [(ainitial – a1min) ×  enzyme liquid total volume (200 μL)]
[1 (min) ×  20 μL ×  0.2mg sample quality]

584 Absorbance was recorded at 470 nm for 1 min using an extinction 
585 coefficient of 26.6 mM⁻¹ cm⁻¹.
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586 CAT activity. CAT activity was determined following Aebi’s (1984) method, 
587 [66], The assay mixture contained 193.6 μL of PBS (pH 7.0) and 3.4 μL of 
588 3% H₂O₂. The reaction was initiated by adding 3 μL of the sample extract. 
589 A blank mixture without enzyme extract was used as a reference and 
590 equilibrated in the spectrophotometer for 4–5 minutes. Absorbance was 
591 measured at 240 nm for 3 min using an EMS. CAT activity was calculated 
592 as the enzyme amount decomposing 1 μM of H₂O₂ per minute and 
593 expressed as μmol mg⁻¹ DW min⁻¹.

594 CAT (μmol ml-1 min-1) = (A240/min) × total volume × 1000
43.6 × enzyme volume

595 CAT (μmol mg-1 DW min-1) = μmol min-1 ml-1
enzyme (mg ml-1)

596 Absorbance was recorded at 240 nm for 1 min using an extinction 
597 coefficient of 43.6 M⁻¹ cm⁻¹.
598 Concentrations and contents of acacetin, tilianin, three acacetin glycosides, 
599 and RA
600 Samples (roots, stems, leaves, and flowers) from each treatment group 
601 were immediately frozen in liquid nitrogen after harvest, stored at -70 °C 
602 in a deep freezer, and then transferred to a -50 °C dry freezer (TFD5503, 
603 IL Shinbiobase Co. Ltd., Daejeon, Korea) for four days for freeze-drying. 
604 After grinding with a mortar and pestle and filtering through a mesh, levels 
605 of RA, tilianin, acacetin, and its glycosides acacetin 7-O-(2"-O-acetyl)β-D-
606 glucopyranoside (acacetin 1), acacetin 7-O-(6"-O-malonyl)β-D-
607 glucopyranoside (acacetin 2), and acacetin 7-O-(2"-O-acetyl-6"-malonyl)β-
608 D-glucopyranoside (acacetin 3) were analyzed following the method of 
609 Lam et al. (2024) [62]. 200 mg of DP was extracted in 10 mL of pure 
610 methanol, followed by 30 minutes of sonication, centrifugation at 1358 × 
611 g for 20 minutes, and filtration through a 0.45-μm filter. HPLC was 
612 conducted with a mobile phase of acetonitrile (B) and 0.1% formic acid in 
613 water (A), using a gradient of 20% B (0–5 min), 50% B (5–20 min), and 100% 
614 B (20–22 min). A 10 μL sample was injected at a flow rate of 0.8 mL·min⁻¹, 
615 and detection at 330 nm was calibrated using Sigma-Aldrich standards. RA, 
616 tilianin, acacetin, and acacetins 1, 2, and 3 showed distinct retention times 
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617 of 11.655, 12.542, 19.659, 13.131, 14.485, and 15.351 minutes. Standard 
618 compounds of RA, tilianin, acacetin, and acacetin 1, acacetin 2, and 
619 acacetin 3 were purchased from Sigma-Aldrich Corporation (Sigma-
620 Aldrich, Co., Ltd., Seoul, Korea). The calibration curves for RA, tilianin, 
621 acacetin, and its glycosides showed excellent linearity (R² = 0.9970–
622 1.0000) across 0.1–100 µg mL⁻¹, with LOD and LOQ values of 0.06–0.90 
623 and 0.20–2.73 µg mL⁻¹, confirming high analytical sensitivity and 
624 reliability. Concentrations of these compounds in the whole plant (mg·g⁻¹ 
625 DW) were determined by using Equation (1).

626 BCx in the whole plant (mgg−1 DW) =  (amount of BCx in each part × % 
627 DW of each plant organ per DW of the entire plant). (1)
628 BC: Bioactive compound 
629 x: Tilianin, acacetin 1¯3, or RA
630 By multiplying the concentration of each compound by the plant’s total DW, 
631 the total content of BC per plant (mg/plant DW) was obtained. 
632 Statistical analysis
633 A total of six plants (n = 6) were evaluated for growth traits, whereas 
634 photosynthesis, pigment composition, DPPH scavenging activity, total 
635 flavonoids, antioxidant capacity, and BC were analyzed using three plants 
636 per replicate (n = 3). Data from the MW experiment, arranged in a 
637 completely randomized design with two replicates, were statistically 
638 evaluated using one-way ANOVA and Tukey’s multiple comparison test in 
639 SPSS version 20.0 (IBM Corp., Armonk, NY, USA).
640
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859

860 Fig 1. Germination seed tray, and a deep flow technique system in a plant 
861 factory. 

862

863 Fig. 2. A. rugosa growth after 39 days of transplantation under various 
864 microwave treatment durations (0, 5, 10, 15, 20, and 25 s). 
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865  

866

867 Fig. 3. Chlorophyll a (A), chlorophyll b (B), total chlorophyll (C), and total 
868 carotenoid (D) of A. rugosa under different microwave time treatments (0, 
869 5, 10, 15, 20, and 25 s). Values are means ± SE (n = 3). Different letters 
870 denote statistically significant differences (p ≤ 0.05) based on ANOVA and 
871 Tukey’s post hoc test. 
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872

873 Fig. 4. Net photosynthetic rate (A; A), stomatal conductance (gs; B), 
874 intercellular CO2 concentration (Ci; C), and transpiration rate (E; D) of A. 
875 rugosa under different microwave time treatments (0, 5, 10, 15, 20, and 
876 25 s). Data represent the mean ± standard error (SE) of three replicates (n 
877 = 3). Different letters indicate significant differences at p ≤  0.05, 
878 determined by one-way ANOVA followed by Tukey’s multiple range test.

879
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880 Fig 5. DPPH radical scavenging activity (A), total flavonoid levels (B), total 
881 phenolic contents (C), superoxide dismutase (SOD) levels (D), peroxidase 
882 (POD) levels (E), and catalase (CAT) levels (F) of A. rugosa under different 
883 microwave time treatments (0, 5, 10, 15, 20, and 25 s). Values are means 
884 ± SE (n = 3). Different letters denote statistically significant differences 
885 (p ≤ 0.05) based on ANOVA and Tukey’s post hoc test.

886

887 Fig. 6. Rosmarinic acid (RA) concentration (A) and content (D), tilianin 
888 concentration (B) and content (E), and acacetin concentration (C) and 
889 content (F) in A. rugosa whole plant under different microwave time 
890 treatments (0, 5, 10, 15, 20, and 25 s). Each value indicates the mean ± 
891 SE of three samples (n = 3). Different letters represent the significant 
892 differences at p ≤ 0.05, as assessed using ANOVA, followed by Tukey’s 
893 multiple range test.

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

32

894

895 Fig. 7. Acacetin 7-O-2"-O-acetyl)β-D-glucopyranoside (acacetin 1; A and D), 
896 acacetin 7-O-(6"-O-malonyl)β-D-glucopyranoside (acacetin 2; B and E), and 
897 acacetin 7-O-(2"-O-acetyl-6"-malonyl)β-D-glucopyranoside (acacetin 3; C 
898 and F), concentrations and contents in A. rugosa whole plant under 
899 different microwave time treatments (0, 5, 10, 15, 20, and 25 s). Each value 
900 indicates the mean ± SE of three samples (n = 3). Different letters 
901 represent the significant differences at p ≤ 0.05, as assessed using ANOVA, 
902 followed by Tukey’s multiple range test.
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Table 1. Growth characteristics of A. rugosa under different microwave time treatments (0, 5, 10, 15, 20, and 25 
s).

wMW oven 
time 

treatments 
(seconds)

Leaf 
lengt

h 
(cm)

Leaf 
width 
(cm)

Flower 
branch 
numbe

r

Numbe
r of 

leaves 
(leaves

)

Leaf 
area 
(cm2)

Stem 
lengt

h 
(cm)

Flowe
r FW 
(gram

)

Leaf 
FW 
(gra
m)

Stem 
FW 

(gram
)

Shoo
t FW 
(gra
m)

Root 
FW 

(gram
)

Root 
length 
(cm)

0 9.03a 7.90ab 19.50b 154.67a
b

1810.26a
b

48.42
a 12.71c 27.66

a 20.22a 60.58
a 25.02a 70.67a

b

5 9.55a 7.10b 19.17b 139.17b 1389.11b 51.25
a

12.725
c

26.33
a 21.87a 60.92

a 26.48a 70.90a
b

10 9.17a 7.23b 19.17b 195.50a 1950.88a 49.95
a

12.87b
c

24.78
ab 23.96a 61.63

a 23.99a 64.48b

15 9.43a 7.58ab 21.33a 174.33a
b

1703.57a
b

49.23
a 15.79a 25.47

ab 23.82a 65.09
a 31.16a 74.22a

20 9.88a 8.10a 22.00a 193.50a 1733.39a
b

50.48
a

15.08a
b

20.99
c 24.62a 60.69

a 32.43a 72.20a
b

25 9.35a 7.70ab 21.67a 166.67a
b

1766.86a
b

50.77
a 15.59a 22.28

bc 25.15a 63.02
a 25.21a 68.68a

b
Significance

z NS * ** * * NS *** *** NS NS NS *

 wMW time; Values represent the mean of six samples (n = 6). Data were analyzed using one-way ANOVA, and mean 
comparisons were performed using Tukey’s multiple range test at p ≤ 0.05. Different letters within a column indicate 
significant differences among treatments. 
NS: not significant (p > 0.05); zsignificant at *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. FW: fresh weight
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Table 2. Growth characteristics of A. rugosa under different microwave time treatments (0, 5, 10, 15, 20, and 25 
s).

wMW oven 
time 

treatments 
(seconds)

Flowe
r DW 
(gram

)

Leave
s DW 
(gram

)

Stem 
DW 

(gram
)

Root 
DW 

(gram
)

Shoot 
DW 

(gram
)

Specific 
leaf 
area 
(SLA) 

(cm2 /g)

Whole 
plant 
DW 

(gram)

Leaf 
area 
ratio 

(Cm2/g)

Leaf 
weigh
t ratio

Flowe
r 

weigh
t ratio

0 2.79c 5.51a 3.79a
b

1.99a
b

11.73
a

331.24a
b 13.72a 124.51a

b 0.40a 0.20b

5 3.16b 5.14a 3.43b 2.01a
b

12.10
a 270.94b 14.112

a 98.55b 0.36a
b

0.22a
b

10 3.04b
c

4.93a
b

4.13a
b 1.87b 12.10

a 394.29a 13.972
a 138.92a 0.35a

b
0.22a

b
15 3.55a 5.12a 4.15a

b
2.36a

b
12.81

a
334.97a

b 15.18a 112.59a
b

0.34a
b

0.23a
b

20 3.59a 3.98c 4.63a 2.65a 12.21
a 448.49a 14.86a 117.25a

b 0.27b 0.24a

25 3.51a 4.22b
c 4.38a 2.02a

b
12.10

a 423.29a 14.12a 133.52a 0.29b 0.25a
Significanc

ez *** *** * * NS * NS ** ** **
wMW time; Values represent the mean of six samples (n = 6). Data were analyzed using one-way ANOVA, and mean 
comparisons were performed using Tukey’s multiple range test at p ≤ 0.05. Different letters within a column indicate 
significant differences among treatments. 
NS: not significant (p > 0.05); zsignificant at *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. DW: dry weight
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Table 3. Rosmarinic acid (RA), tilianin, and acacetin concentrations (mg.g−1 DW) in the flowers, stems, leaves, and 
roots of A. rugosa under different microwave time treatments (0, 5, 10, 15, 20, and 25 s). 

RA concentration in plant organs
(mg.g-1 DW)

Tilianin concentration in plant 
organs

(mg.g-1 DW)

Acacetin concentration in plant 
organs

(mg.g-1 DW)

wMW oven 
time 

treatmen
ts 

(seconds
)

Flowers Stems Leaves Roots Flower
s Stems Leaves Roots Flower

s Stems Leaves Roots

0 4.13bc 0.80c 4.83b 15.11cd 7.39b 0.91b 2.34a 0.35b 0.95ab 0.39a 0.21a ND

5 3.71c 0.79c 3.86cd 14.32d 8.75a 0.88b 2.36a 0.17c 0.98a 0.31b 0.22a ND

10 4.47abc 0.52d 3.71d 15.93bc 8.68ab 1.19a 2.52a 0.42a 0.98a 0.35ab 0.19b ND

15 5.33a 1.09ab 4.98b 15.31cd 9.34a 1.08ab 2.50a 0.35b 0.85bc 0.33b 0.19b ND

20 4.76ab 0.98bc 5.99a 16.61b 8.59ab 1.20a 2.42a 0.44a 0.56d 0.32b 0.18c ND

25 5.31a 1.29a 4.31c 17.72a 8.51ab 1.05ab 2.46a 0.44a 0.77c 0.21c 0.19bc ND

Significance
z *** *** *** *** ** ** NS *** *** *** *** ND

wMW time; Values represent the mean of three samples (n = 3). Data were analyzed using one-way ANOVA, and mean 
comparisons were performed using Tukey’s multiple range test at p ≤ 0.05. Different letters within a column indicate 
significant differences among treatments. 
NS: not significant (p > 0.05); zsignificant at *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.  ND: not detected; RA: rosmarinic acid; 
DW: dry weight.
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Table 4. RA, tilianin, and acacetin contents (mg/plant organs DW) in the flowers, stems, leaves, and roots of A. 
rugosa under different microwave time treatments (0, 5, 10, 15, 20, and 25 s).

RA content in plant organs 
(mg/plant organs DW)

Tilianin content in plant organs
 (mg/plant organs DW)

Acacetin content in plant organs
(mg/plant organs DW)

wMW oven 
time 

treatment
s 

(seconds)
Flowers Stems Leaves  Roots Flower

s Stems Leaves  Roots Flowers Stems Leaves  Roots

0 14.44bc 3.05b 16.17c 34.87bc 21.03c 3.44b 7.83b 0.69c 2.59b 1.49bc 0.71b ND

5 11.86c 3.26b 14.52c 28.39d 27.96a
b 3.63b 8.87b 0.33d 3.14a 1.28cd 0.84a ND

10 13.21c 2.62b 15.25c 30.72cd 25.66b
c 5.98a 10.38a 0.82bc 2.89ab 1.77a 0.82a ND

15 14.62bc 5.72a 21.59b 37.91b 32.89a 5.65a 10.83a 0.86b 3.01ab 1.72ab 0.85a ND

20 17.21ab 5.59a 28.24a 43.90a 31.06a
b 6.78a 11.41a 1.16a 2.03c 1.82a 0.86a ND

25 19.26a 6.78a 19.09b 33.25bcd 29.57a
b 5.46a 10.87a 0.96b 2.79ab 1.12d 0.84a ND

Significanc
ez *** *** *** *** *** *** *** *** *** *** ** ND

wMW time; Values represent the mean of three samples (n = 3). Data were analyzed using one-way ANOVA, and mean 
comparisons were performed using Tukey’s multiple range test at p ≤ 0.05. Different letters within a column indicate 
significant differences among treatments.
 NS: not significant (p > 0.05); zsignificant at *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. ND: not detected; RA: rosmarinic acid; 
DW: dry weight. 
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Table 5. Acacetin 7-O-2"-O-acetyl)β-D-glucopyranoside (acacetin 1), acacetin 7-O-(6"-O-malonyl)β-D-
glucopyranoside (acacetin 2), and acacetin 7-O-(2"-O-acetyl-6"-malonyl)β-D-glucopyranoside (acacetin 3) 
concentrations (mg.g−1 DW) in the flowers, stems, leaves, and roots of A. rugosa under different microwave time 
treatments (0, 5, 10, 15, 20, and 25 s).

Acacetin 1 concentration in plant 
organs

(mg.g-1 DW)

Acacetin 2 concentration in plant 
organs

(mg.g-1 DW)

Acacetin 3 concentration in plant 
organs

(mg.g-1 DW)

wMW oven 
time 

treatmen
ts 

(seconds
)

Flowers Stems Leaves Roots Flowe
rs Stems Leaves Roots Flowe

rs Stems Leaves Roots

0 6.05a 1.42ab 4.07a 0.03d 7.84a 0.67b 1.38a 0.06d 8.47ab 1.87ab 3.93a 0.07a

5 5.43a 1.27ab 2.78cd 0.05ab 7.02a 0.72b 1.13b 0.13a 7.64ab 1.65b 2.47d 0.08a

10 6.07a 1.58a 3.21b 0.06a 8.13a 1.03a 1.48a 0.09c 8.99a 2.21a 3.21b 0.07a

15 5.48a 1.36ab 2.89c 0.05ab 7.12a 0.96a 1.55a 0.09c 7.39b 1.91ab 2.79c 0.08a

20 5.37a 1.56a 2.97bc 0.05ab 7.65a 1.01a 1.49a 0.11b 9.01a 2.10ab 3.15b 0.08a

25 5.04a 1.11b 2.51d 0.04c 7.59a 1.12a 1.37a 0.09c 7.71ab 1.94ab 2.35d 0.05b

Significance
z NS ** *** *** NS *** *** *** ** * *** ***

wMW time; Values represent the mean of three samples (n = 3). Data were analyzed using one-way ANOVA, and mean 
comparisons were performed using Tukey’s multiple range test at p ≤ 0.05. Different letters within a column indicate 
significant differences among treatments. 
NS: not significant (p > 0.05); zsignificant at *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. DW: dry weight.
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Table 6. Acacetins 1, 2, and 3 contents (mg/plant organs DW) in the flowers, stems, leaves, and roots of A. rugosa 
under different microwave time treatments (0, 5, 10, 15, 20, and 25 s).

Acacetin 1 content in plant organs
(mg/plant organs DW)

Acacetin 2 content in plant 
organs

(mg/plant organs DW)

Acacetin 3 content in plant 
organs

(mg/plant organs DW)

wMW 
oven time 
treatmen

ts 
(seconds) Flowers Stems Leaves Roots Flowe

rs Stems Leaves Roots Flower
s Stems Leaves Roots

0 16.46 5.38b
c 13.60a 0.07c 21.32

b 2.54b 4.62c 0.12e 24.52b 7.08b 13.14a
b

0.13b
c

5 17.35 5.20c 10.48c 0.09b 22.43
ab 2.94b 4.26c 0.25b 24.42b 6.78b 9.284d 0.15b

10 17.98 7.94a 13.20a 0.11ab 24.06
ab 5.17a 6.07b 0.17d 26.63a

b 11.10a 13.184
ab

0.13b
c

15 19.37 7.15a
b

12.49a
b 0.13a 25.18

ab 5.03a 6.73ab 0.23bc 26.11a
b 10.03a 12.084

bc 0.19a

20 19.41 8.81a 13.98a 0.12a 27.62
a 5.72a 7.06a 0.29a 30.59a 11.87a 14.84a 0.21a

25 18.22 5.79b
c

11.08b
c 0.09b 27.47

a 5.86a 6.07b 0.21c 27.88a
b 10.16a 10.394c

d 0.11c
Significanc

ez NS *** *** *** * *** *** *** * *** *** ***
wMW time; Values represent the mean of three samples (n = 3). Data were analyzed using one-way ANOVA, and mean 
comparisons were performed using Tukey’s multiple range test at p ≤ 0.05. Different letters within a column indicate 
significant differences among treatments. 
NS: not significant (p > 0.05); zsignificant at *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. DW: dry weight.
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Table 7. Phenolic compounds in A. rugosa harvested at 39 days after transplanting under different microwave 
oven time treatments (0-, 5-, 10-, 15-, 20-, and 25-second). 

Phenolic compounds in A. rugosa
(mg.g-1 DW)wMW oven time 

treatments 
(seconds)

Chlorogenic 
acid

(mg.g-1 DW)

Caffeic acid

(mg.g-1 DW)

Rutin

(mg.g-1 DW)

Quercetin

(mg.g-1 DW)

Kaempferol

(mg.g-1 DW)

0 2.41 ± 0.074d 2.30 ± 0.125c 0.57 ± 0.014c 6.02 ± 0.049a 7.98 ± 0.219b

5 9.84 ± 0.083c 3.27 ± 0.021a 0.79 ± 0.013bc 5.37 ± 0.041b 8.22 ± 0.372b

10 17.59 ± 0.323a 3.13 ± 0.033ab 0.82 ± 0.094b 4.66 ± 0.076c 8.08 ± 0.139b

15 12.41 ± 0.496b 2.41 ± 0.062c 1.15 ± 0.024a 5.31 ± 0.115b 11.54 ± 0.131a

20 13.55 ± 0.202b 2.98 ± 0.027b 0.75 ± 0.073bc 5.29 ± 0.212b 8.84 ± 0.364b

25 16.89 ± 0.451a 2.99 ± 0.034 ab 0.82 ± 0.020b 4.61 ± 0.192c 10.42 ± 0.482a

Significancez *** *** *** *** ***

wMW time; Values represent the mean ±SE (standard error) value  of three samples (n = 3). Data were analyzed using one-
way ANOVA, and mean comparisons were performed using Tukey’s multiple range test at p ≤ 0.05. Different letters within a 
column indicate significant differences among treatments. NS: not significant (p > 0.05); zsignificant at *p ≤ 0.05, **p ≤ 0.01, 
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and ***p ≤ 0.001. 
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